The biological importance of serum albumin makes information on its metabolism of value. In the present work the turnover rate of serum albumin in man was studied by following the disappearance from the circulation of albumin labelled with radioiodine.
The biological importance of serum albumin makes information on its metabolism of value. In the present work the turnover rate of serum albumin in man was studied by following the disappearance from the circulation of albumin labelled with radioiodine.
Previous clinical investigations (1-3) have dealt with the metabolic fate of massive intravenous infusions of concentrated albumin, employed to increase the patient's albumin stores. In contrast, the subjects in the present study received only 1 to 10 mg. of labelled protein. This minute amount of albumin could not have any significant effect upon the serum albumin concentration or upon protein metabolism, thus permitting studies on the subject in a steady state.
Intravenous injection of I'll-tagged albumin was followed by a relatively rapid initial fall in the radioactivity of the circulating plasma. After approximately two days the plasma radioactivity diminished more gradually. The rate of this gradual decline was considered to represent the rate of replacement of tagged by untagged protein, or the turnover of serum albumin. METHODS Iodination of albumin. The albumin molecule was labelled with an average of 2-3 iodine atoms per molecule. This ratio was selected to minimize alterations from the native state of the protein. The iodine was bound by tyrosine groups forming monoiodo-tyrosine under the conditions described by Hughes and Straessle (4) for iodination of albumin with small amounts of iodine.
Radioactive iodination with I followed the procedure of Latta (5) . All operations were performed in the cold (4-100 C.). Dialysis was carried out to remove unbound I', first against isotonic KI solution, then against runnig de- 1This work was supported in part by the United States Atomic Energy Commission.
2This work was done during the tenure of a U. S. Public Health Service Postdoctorate Research Fellowship. mineralized water (36 hours), and finally against isotonic saline solution. The amount of free radioiodine remaining after dialysis was determined as a rapid approximation by comparing the radioactivity of appropriately diluted protein solution with that of the supernatant after trichloroacetic acid precipitation. The trichloroacetic acid supernatant was diluted 1:25 to prevent acid attack on planchets. The supernatants did not exceed 2% of the total radioactivity. Subsequent determinations based on assay of supernatants after precipitation by specific antisera gave slightly lower values for unbound radioactivity.
To each lot of dialyzed tagged albumin for use in human studies a drop of penicillin and of streptomycin were added; sterility was verified by culture.
Much of the labelled protein employed was prepared by Abbott Laboratories 3 by similar methods. Instead of freeing the albumin of unbound radioiodine by dialysis, the material was passed through a resin column (IRA-400 pre-treated with IN HCI) which achieved comparable results rapidly. All material regardless of source was subjected to the same testing to establish its similarity to native albumin. The tests undertaken were ultracentrifugal analysis, immunologic specificity, and disappearance curves in rabbits with immunochemical controls. Ultracentrifugal analysis.4 Satisfactory homogeneity on ultracentrifugal analysis was the most sensitive criterion that the labelled albumin was not significantly changed from the starting material. Improperly handled or too heavily iodinated protein exhibited faster sedimenting components in addition to the characteristic albumin peak with sedimentation constant approximating 4.5 S. The more rapidly sedimenting material represented aggregated albumin molecules with consequently higher molecular weight ( Figure 1 Oncley. An air-driven ultracentrifuge with a modified Philpot optical system was used. The speed employed was 54,000 r.p.m. (approximately 180,000 g). 1228 tagged albumin showed unaltered behavior as a specific antigen in agreement with previous reports (6, 7) .
Immunochemical tests. The quantitative precipitin technique as described by Gitlin (8) was employed in determining disappearance curves of human albumin injected into rabbits as well as in routine albumin measurements on human plasma samples. Howe sodium sulfate fractionations were also done on human plasmas as a preliminary approximation.
Specific precipitates were obtained by adding 1.0 ml. of antigen solution (unknown or standard) to 1.0 ml. of rabbit antiserum against human serum albumin. The antigen solutions had been diluted so that reactions occurred in the zone of antibody excess, which was confirmed by tests on the supernatants. After washing with saline solution (4-10' C.) the specific precipitates were dissolved in 0. 25 The points represent readings on duplicate specific precipitates obtained from standards of known albumin concentration. Duplicate unknown solutions were determined simultaneously and read against the standard curve.
(1) that PI-tagged albumin remained labelled in vivo throughout the existence of albumin as an intact molecule. Figure 2 illustrates a curve of simultaneously determined antigen standards against which the duplicate unknown solutions were read. Antisera were obtained from rabbits which had received three weekly subcutaneous injections of approximately 70 mg. of human serum albumin suspended in aluminum hydroxide. Crystalline human albumin was the most satisfactory antigen for the production of antisera of high specificity. As a further assurance of specificity, the antisera were absorbed with a mixture of human globulin preparations (Cohn's Fractions I, II, and III).
The albumin values for human plasma samples by the precipitin technique were within 10% of the results of electrophoretic analyses. 5 Disappearance curve of P-tagged human albumin in the rabbit. As a preliminary step it was necessary to test the assumptions: 5 Courtesy of Dr. Walter F. Lever and Miss Alice Blaney. The injection of labelled human protein into a foreign species (rabbit) permitted comparison between disappearance curves obtained by radioactive and immunochemical determinations on aliquots of the same plasma samples.
Minute amounts (1-10 mg.) of IP'-tagged human albumin were mixed with thousandfold greater quantities of native human albumin. The mixture was injected intravenously into rabbits and plasma samples were collected on alternate days for approximately two weeks.
Radioactive assays on the plasma samples gave the disappearance curve of the labelled albumin. The albumin, since the amount of labelled albumin was negligible in comparison. The tagged and untreated human proteins were thus followed simultaneously in the same rabbit.
The approximation (Figures 3a and 3b) and even identity ( Figure 3c ) of these curves indicated close similarity of behavior of the tagged and native proteins in vivo, at least with respect to disappearance from the circulation. The results also demonstrated the stability of the isotopic label. Similar findings have been reported by Gitlin and associates (9), Knox and Endicott (7) , and Dixon, Bukantz and Dammin (10). Gitlin and coworkers (9) have discussed possible reasons for the imperfect correspondence between the two curves.
By way of contrast, the behavior of proteins labelled with another isotope, Cr', is illustrated ( Figure 4 ). Semi-logarithmic plot.
Although radioactive chromium was firmly bound by proteins in vitro (11) , it proved to be an unstable tag isn ivo. In repeated experiments a wide discrepancy occurred between the radioactive and immunochemical curves (Figure 4 ). Moreover, radioactive assays on the supernatants after specific precipitation by antisera re-veale4 most of the plasma radioactivity in the supernatants from Day 4 on. This indicated a transfer of the chromium from the injected labelled protein to the rabbit's own plasma proteins. The protein studied was crystalline bovine albumin (Armour) labelled with 0.5 chromium atom per molecule (11); on ultracentrifugal analysis it showed no change from the starting material.
In the I`-tagged albumin experiments in rabbits radioactive assays were done on both the supernatants and 1230 4.00[ 13 specific precipitates of the plasma samples. Most of the plasma radioactivity was recovered in the specific precipitates, while the supernatants contained traces (mean of 5%). These measurements were approximations because of low radioactivity after dilution of plasma samples for the immunochemical tests. Radioactive assay. Counting was done in the windowless flow proportional counter designed by Robinson (12) . Duplicate 1 ml. plasma samples were dried at room temperature in planchets containing detergent (a few grains of Lakeseal). Relatively constant dry weight of plasma from a given subject obviated the need for selfabsorption corrections. Initially drawn plasma from each subject was added to radioactive standards and to dried 1 ml. urine samples to make them comparable with the direct plasma radioactivity determinations. Appropriately diluted aliquots of the injected iodo-albumin were used as radioactive standards. Corrections for radioactive decay were made when necessary. Plasmas from each subject were counted within a few hours at the end of the study. The counts exceeded ten times the background. The probable error of counting was less than 1.5%. Radiation dosage. The routine administration of 20 microcuries of I' as intravenous iodo-albumin approximated a total dose of 0.22 rep in a 70 kg. man on the conservative assumptions of no excretion and localization of radioactivity in the extracellular fluid. 6 Human studies. The albumin turnover was studied in 21 normal male medical students. The studies were carried out with simultaneous groups of five or more normals. The subjects took a diet adequate in protein and calories, and body weight was stable. Determinations of serum albumin at the beginning and end of the two week studies showed no significant changes (mean difference 0.2 gm. %o). The subjects were therefore considered to be in a steady state with regard to serum albumin concentra-6 The equations and data of Marinelli, Quimby, and Hine (13a) and Marinelli (13b) were employed in calculation of the dosages Dy (gamma-rays) and DB (beta-rays Hence, Dp = 127 C. However, Dp must be multiplied by 5 if the isotope is confined to extracellular fluid which is approximately one-fifth the body weight. 5 tion. The rates of albumin synthesis and degradation were assumed to be equal. No subject had significant proteinuria. Lugol's solution (15 drops daily) was given two days prior to and during the studies. This iodine prefeeding was intended to prevent thyroid uptake and promote excretion of I' liberated on degradation of the iodo-albumin. External surveys over the thyroid gland confirmed that no significant thyroid uptake occurred.7
In two subjects not given Lugol's solution, however, the disappearance curves did not differ from the rest of the group.
After intravenous injection of 1 to 10 mg. of labelled protein, blood samples were drawn in heparinized syringes. Samples were taken over a two week period for turnover studies, usually on alternate days. In six special studies to obtain complete curves, additional short term samples were taken 10 minutes, 30 minutes, two hours, six hours, and 24 hours after injection, and 24 hour urine collections were made for seven days.
RESULTS AND INTERPRETATIONS
The injection of Ilsl-tagged albumin was followed by a relatively rapid initial fall in plasma 7 The observed values for plasma radioactivity are recorded as circles through which is draw.n the solid line, showing a rapid initial fall and more gradual (linear) decline after two days. This experimental curve has been resolved into two straight line components.
The rapid component is attributed to distribution of the labelled protein in the "exchangeable albumin pool." The slow component is considered to represent metabolic degradation of the iodo-albumin. The half-time (tap) of this albumin turnover is obtained graphically as shown by the horizontal and vertical dotted lines. Semi-logarithmic plot. The points were obtained from radioactive assays on aliquots of 24 hour urine collections from Subject A. K.
U. = injected dose, or total urinary excretion after an infinite time on the assumption that all excretion is by the urine. U = cumulative urinary excretion through a given day. Hence U/U. = fraction excreted by a given day. radioactivity. After approximately two days a more gradual decline occurred. This gradual decline was an exponential decay, since a semilogarithmic plot revealed that points after the second day approximated a straight line ( Figure 5 ) in all subjects. The exponential decay was considered to represent the rate of degradation of the administered iodo-albumin, or rate of replacement of tagged by untagged albumin, hence the turnover rate of the protein.
Complete curves including the rapid initial fall (as in Figure 5 ) 'were obtained in six subjects. The experimental curve on semi-logarithmic plot was resolved into two straight line components by standard graphic analysis (14) . The mean half-time of the rapid component in the six subjects was 0.5 day. This initial fall of plasma radioactivity was attributed to distribution of the labelled protein in the body's exchangeable pool of albumin, including extravascular sites. Twenty-four hour urine collections excluded urinary loss as a significant factor. The urinary recovery approximated or was less than the decline of the slow component based on points after the second day (Figure 6) . The urinary non-protein organic combinations of I"' (10) were not investigated. RADIOACTIVITY 
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-Blood samples were not taken prior to 24 hours in the remaining 15 subjects. The 24 hour point invariably and the 48 hour point usually fell above the line drawn through the remaining points.
The half-time of albumin turnover was obtained graphically from the linear plot of the slow component. The slope of the line gave the turnover rate, which may be obtained graphically, or may be computed from the expression ln 2 0.693 turnover rate = t = t This is derived from the equation for the exponential decay A = Aoe-kt, *where A = I'3l-tagged albumin at any time Ao = I'3l-tagged albumin at zero time t = time in days k = turnover rate as fraction of the albumin pool turned over per day. This is conveniently expressed as per cent. In the group of 21 normal subjects ( Table I ) the mean half-time of albumin turnover was 10.5 ± 1.5 8 days. The mean albumin turnover rate was 6.7%o + 0.93% per day.
The "exchangeable albumin pool" was obtained by the isotope dilution formula, using the zero time extrapolation of the slow component (Table II) . The mean value for exchangeable albumin pool was 259 + 40 grams. This quantity was considered to signify the albumin in the body, intraand extravascular, with which the labelled protein mixed.
The product of the exchangeable albumin pool and the turnover rate in per cent gave the turnover in grams of albumin per day. The mean of the series was 17.2 ± 2.7 grams per day. Most of the medical students were larger than the hypothetical average 70 kg. male with 1.73 m2 surface area. Expressions were therefore computed in terms of body weight and surface area. The mean value for the latter was 15.4 + 2.0 grams per 1.73 m2 per day.
As an adjunct to the above results, estimations were made of the distribution of albumin between the circulating plasma and extravascular sites. In the six subjects in whom 10 and 30 minute plasma samples were taken, it was possible to obtain an approximation of the circulating albumin (Table II) . The isotope dilution formula was applied, using the zero time extrapolation of a line through the short term points. The results indicated the same order of magnitude for intraand extravascular albumin (Table III) .
This rough conformity was evident from inspection of the graphs ( Figure 5 ) which revealed that the rapid phase ended in the vicinity of the 50%o level.
DISCUSSION
The validity of the iodo-albumin measurement of turnover rate depends upon the accuracy of the underlying assumptions of stability of tagging and normal metabolic behavior in sivo. Support for these assumptions is provided by the disappearance curves of I'31-tagged human albumin in rabbits observed by previous investigators (7, 9, 10) and in the present work. Close resemblance of disappearance rates of labelled and untreated human proteins in a foreign species suggests such resemblance in the human. Similar disappearance rates of iodinated homologous and heterologous proteins, have been reported (10, 15) . Wasserman and Mayerson (15) observed no significant differences between I'31-tagged human and canine albumins injected intravenously into dogs.
A further suggestion that labelling with a few iodine atoms per molecule does not significantly alter biologic characteristics is provided by the work of Sonenberg (16) , in which iodinated protein hormones of the anterior pituitary (ACTH, prolactin, etc.) were found to retain their endocrine activity.
The conclusive proof of these assumptions will require further work, possibly including experiments with double labelling of proteins.
It was of practical importance to test individual lots of iodo-albumin for evidence of alteration from the native state. In this respect ultracentrifugal analysis was the most sensitive criterion that the labelled albumin was not significantly changed from the starting material. Electrophoresis is not a satisfactory substitute, as electrophoretic mobility is often not affected by minor degrees of molecular aggregation. Proteins showing significant alteration on ultracentrifugal analysis have exhibited abnormally rapid disappearance curves.
Plasma proteins or albumin labelled with radioactive iodine have long been used for human plasma volume estimations (17, 18) , but observations on disappearance rates beyond 24 hours have not been reported in human subjects.
Previous clinical investigations (1-3) have been concerned with the metabolic fate of massive in-travenous infusions of concentrated albumin. Eckhardt and associates (2) estimated a mean half-time of about five days for albumin administered to normal and undernourished subjects. Such work, however, deals with a problem distinctly separate from albumin turnover in a steady state. Massive albumin infusions sufficient to produce an appreciable rise of serum albumin concentration are not comparable to the injection of 1 to 10 mg. of albumin, which could not affect the subject's metabolism.
In the present work the serum albumin values were essentially the same at the beginning and end of the studies. The subjects were therefore considered to be in a steady state with respect to serum albumin concentration. The rates of synthesis and degradation were assumed to be equal; the albumin turnover thus signified both rates.
Tracer experiments similar to the present approach but with different labels afford some basis for comparison. Biosynthesis of proteins containing the isotopes N15, S35, and C14 has been undertaken, so that the label is an integral part of the protein molecule. This would appear a priori to be the method of choice, since it avoids uncertainties as to firmness of tagging and normal biochemical properties in sivo, which may be raised regarding any extrinsic tag such as F-31.
There is, however, an important objection or qualification to the studies with intrinsic isotopic labels that have thus far been undertaken in human subjects. In N15 studies, for example, the isotope was fed for two days as a labelled amino acid. The isotope concentration in the plasma proteins rose rapidly, then fell as soon as isotope administration was discontinued. The rate of decline was used to compute turnover rate. As pointed out by Rittenberg (19) such an analysis depends upon the assumptions of (1) infinitely rapid mixing of liberated amino acids into
(2) an infinitely large metabolic pool of negligible isotope concentration.
In other words, the analysis neglects the synthesis of new isotopic plasma proteins out of labelled amino acids from degraded plasma protein or from the nitrogen pool, including other body proteins labelled during isotope feeding. Insofar as this factor operates, the half-time obtained by such experiments will be falsely long. Future investigations may eliminate or correct for this uncertainty, but it exists in the material reported thus far.
Although a completed study on N15 plasma protein turnover has not as yet appeared, London's preliminary presentation (20) is of interest. Data on protein turnover in a normal man and a normal woman were interpreted to indicate a half-time for serum albumin of 20 days. As qualified above, this figure would represent an upper limit, and may probably be viewed as within the general range of the present findings.
The data of Kinsell and coworkers (21) with S35 methionine were not subjected to analysis based on exponential decay. Beyond noting a gross resemblance, comparison is difficult.
Bovine albumin was administered intravenously to human subjects on an experimental basis by Heyl and Janeway (22) during World War II. Disappearance curves determined by immunochemical tests were quite similar to those of the present report, including the rapid fall in the first day or two.
The rapid initial fall has invariably been observed in previous studies (7, 9, 10, 22) with injected labelled proteins as well as with heterologous proteins "labelled" only with respect to their antigenic characteristics. This was the case in the experiments on dogs by Whipple's group (23) with plasma proteins bearing an intrinsic label, C14-lysine. Therefore, an artefact of tagging, such as preferential utilization of the labelled protein, would appear unlikely as a significant factor in the early rapid phase of the disappearance curve. Rather, the observations are compatible with distribution of labelled protein in an exchangeable pool including extravascular albumin. Wasserman and Mayerson (15) offer direct evidence in support of this interpretation based upon the appearance of iodo-albumin in the lymph of dogs simultaneously with its disappearance from the plasma. With attainment of equilibrium, the specific activity of albumin became equal in plasma and lymph, and remained so, indicating uniform distribution of the tagged protein.
The present study was not intended to determine accurately the distribution of the exchange-able albumin pool among body compartments. The exchangeable pool presumably consists of albumin in circulating plasma and in extravascular sites. The latter may possibly include albumin within cells as well as the albumin of the lymph and interstitial fluid. Approximations of the intraand extravascular albumin from the present data ( Table. III) indicated that these two quantities were of the same order of magnitude in the normal human. Comparable results have been reported in dogs (15, 23a) .
If the values for extravascular albumin (Table  III) be divided by hypothetical interstitial fluid volumes assigned 15% of the body weights, an average of 1.4 grams %o is obtained as the mean albumin concentration of all the interstitial fluid including the lymph. This figure seems plausible (24) because the total protein concentration of interstitial fluid probably ranges from about 0.3 gram %o for capillary filtrate (25) to as much as 4.5 to 5.6 grams %o for fully elaborated lymph in the cervical region and liver respectively (26) (27) (28) (29) 24) . The figure of 1.4 grams %o would be falsely high to the extent that interstitial fluid albumin may be in equilibrium with albumin in cells. The possibility of reversible penetrationof cells by intact albumin would not invalidate the assumptions of the present work; such protein within cells would be considered part of the extravascular pool.
Janeway's and Heyl's (22) comparative studies of the disappearance of crystalline bovine albumin in different species revealed progressively slower rates in rabbit, dog, and man respectively. A similar relation probably exists for the turnover rates of the homologous proteins. Comparative N15 studies (30) have revealed five times as rapid a mean rate of protein synthesis in the rat as in man. The species difference, therefore, precludes exact comparison of the present findings with the study on rats by Abdou and Tarver (31) or the work on dogs by Whipple's group (23). However, fundamental agreement in terms of the general picture is apparent. SUMMARY 1. The turnover rate of human albumin was studied by following the disappearance of intravenously administered I'31-tagged albumin in 1 to 10 mg. doses which did not affect the subject's metabolism.
2. Albumin labelled with 2-3 iodine atoms per molecule remained tagged after intravenous injection in rabbits and behaved like native protein by immunochemical tests.
3. Human subjects received Lugol's solution preceding and throughout studies to inhibit thyroid uptake and promote excretion of radioiodine liberated on degradation of administered iodo-albumin. 4 . On adequate dietary intake the serum albumin concentration and body weight remained relatively stable. Steady state conditions were assumed and the turnover rate was considered to signify rates of synthesis and degradation.
5. The exponential fall in plasma radioactivity after the second day was considered to represent the rate of degradation of the administered iodoalbumin, or rate of replacement of tagged by untagged albumin, hence the turnover rate of the protein. 6 . The "exchangeable albumin pool" was calculated by the isotope dilution principle.
7. The product of the exchangeable albumin pool and turnover rate yielded turnover of albumin in grams per day. 8 
